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SUMMARY

Structural design and analysis tools appropriate for estimating the structural weight of an
axisymmetric inlet designed for Mach 2.4 cruise were evaluated. The weight estimates are
used to aid in inlet concept evaluation in the preliminary design phase. Little information
regarding the inlet mechanical design is available in this design phase, so it is necessary to
first develop a reasonable structural design before estimating the inlet weight. The Internally
Pressurized Structure Synthesis and Optimization (IPSSO) program was chosen for
evaluation due to its combined design and analysis capabilities. In addition, the analytical
approach employed by IPSSO provides a relatively quick and simple tool for inlet design and
analysis. The inlet design produced by IPSSO was then analyzed using the NASTRAN
finite element program. The finite element analysis was performed to belp identify the
limitations of the analytically based code as well as to evaluate NASTRAN for this
application. The weight calculated using IPSSO was compared to the Mixed-Compression
Translating Centerbody axisymmetric inlet developed by the Boeing Commercial Airplane
Group. It was found that IPSSO predicted an inlet weight approximately 51 percent less than
the weight predicted by Boeing analysis methods. This difference was due in part to
geometric modeling limitations of the IPSSO code. Finite element analysis methods, such as
NASTRAN, which provide greater flexibility in modeling an inlet geometry, require
structural design details that are usually not available during this stage of the design. In
addition, these tools do not generally incorporate the ability to easily optimize a design for
minimum weight. The combined use of IPSSO to create an initial design and NASTRAN to
perform a numerical analysis would provide the capability to evaluate a limited number of
inlet designs. The development of a new tool for the minimum weight design and analysis of
inlet structures, however, would be required for greater flexibility in evaluating inlet
conceptual designs.

INTRODUCTION

One of the important parameters used to evaluate inlet concepts during the preliminary
design phase is the structural weight. Before the structural weight of the inlet can be
estimated, a reasonable structural design must be developed. Structural design and analysis
tools appropriate for estimating the structural weight of an inlet were evaluated. The
Internally Pressurized Structure Synthesis and Optimization (IPSSO) program, developed at
the NASA Langley Research Center, was chosen for evaluation due to its combined design
and analysis capabilities (ref. 1). The IPSSO analysis is based on beam theory and was
developed specifically for the minimum weight design of pressurized ducts. The inlet design
produced by IPSSO was then analyzed using the NASTRAN finite element analysis program
coupled with the PATRAN pre- and post-processor (ref. 2). The NASTRAN analysis was
performed to help identify the limitations of IPSSO. In addition, the applicability of finite
element analysis to the structural design and weight analysis of the inlet was evaluated.

The inlet model chosen for the evaluation was an axisymmetric inlet designed for Mach 2.4
cruise. The baseline chosen for the overall design of the inlet was the Mixed-Compression
Translating Centerbody (MCTCB) axisymmetric inlet developed by the Boeing Commercial
Airplane Group (ref. 3). Normal operating pressure and temperature distributions for the
axisymmetric inlet were calculated at the NASA Lewis Research Center. Geometry, loading,
and material properties were as similar between the IPSSO and NASTRAN analyses as



possible, given the different input requirements of each method. The weight calculated using
IPSSO was compared with the weight calculated by Boeing for the MCTCB inlet and is
presented below. The stress and deflection results are also presented. Modeling issues
encountered with IPSSO and NASTRAN are discussed along with the assumptions, benefits,
and deficiencies of each analysis tool. :

_ BASELINE INLET MODEL

The baseline inlet chosen for this study was the Mixed Compression Translating Centerbody
(MCTCB) inlet developed by the Boeing Commercial Airplane Group under the Propulsion
Airframe Integration Technology (PAIT) contract (ref. 3). The MCTCB inlet is shown in
Figure 1. The inlet is axisymmetric and consists of a cowl and a centerbody; the centerbody
is translated on a support tube, which in trn is supported by six struts at the back of the inlet.
Overall dimensions of the MCTCB inlet are indicated in Figure 1a. Inlet length from
centerbody tip to fan face is 185.5 in. The capture diameter is 58.4 in. The inlet was
mounted to the wing box via a forward mount and an aft mount. The forward mount
provides support for vertical and side loads, as well as thermal expansion. The aft mount
provides support for vertical, side, and thrust loads. Provision for bolting the inlet to the
engine forward flange is provided by the aft cowl bulkhead.

The structural design of the MCTCB inlet is described in detail in reference 3 and
summarized below. The main structural concept used to design the MCTCB inlet was 7
honeycomb panels supported by rings and longerons (Fig. 4). Skin/stringer type construction
was utilized where honeycomb construction was not applicable (support struts, throat
plenums, nose cone, leading edge, etc.). Figure 1a shows the various structural components
used in the MCTCB inlet design. The translating centerbody consists of the translating tube,
the exterior shell, and bulkheads, all of honeycomb construction. The cowl is divided into a
forward cowl and an aft cowl. The forward cowl consists of honeycomb panels supported by
six longerons, bulkheads, a spacer cowl, and the leading edge lip. The aft cowl consists of
honeycomb panels, seven longerons, an acoustic panel, and bulkheads. The six support struts
are swept airfoils that perform the dual role of providing structural support and ducts for
electrical and hydraulic lines and throat bleed air. A cross-section view of the inlet near the
engine face (Figure 1b) shows the asymmetric placement of the support struts with respect to
the horizontal axis of the inlet. Each of the bottom five struts attach to a longeron; the top

strut attaches to a bridge that spans the remaining two longerons. . .

The major structural materials used in the Boeing study were Ti-3A1-2.5V for the honeycomb
core and Ti-6Al-4V for all other structure. The material properties for these Titanium alloys,
taken from MIL-HDBK-5E, are given in Appendix 1. The cruise operating temperatures of
the inlet were determined by Boeing to be 330 degrees Fahrenheit in the inlet and 380
degrees Fahrenheit at the leading edge. Material properties at 350 degrees Fahrenheit were
used in the MCTCB analysis. Honeycomb core depth was limited to 3/16 in. The maximnm
core depth was 2.0 in. The minimum gage value for the panel skin was 0.0121in. -

The critical loading condition that sized the structure of the MCTCB inlet was pressure
loading due to the hammershock condition. Hammershock loads result from the back

_ pressure produced by a compressor stall. The loads produced in this situation are generally
higher than those produced under normal inlet operation. Various other loading conditions
were considered as well, including landing loads, maneuver loads, gust loads, and normal
operating loads. Acoustic limits and foreign object damage were also considered in the
design of the MCTCB inlet. A weight factor of approximately 20% was applied to the
structural weight results (1.20 multiplied by the structural weight) to account for hion-
optimum items such as fasteners, brackets, seals, bleed assemblies, manufacturing joints, etc.
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(ref. 3). In addition, a stress concentration factor of 3.0 was applied to the longerons to
account for fasteners (ref. 3).

ANALYSIS MODELS

Two analysis models were developed for this study, one for use in the IPSSO program and
one for the finite element analysis performed with NASTRAN. The IPSSO model was

- derived from the MCTCB axisymmetric inlet described above. The design resulting from the
IPSSO analysis was then used to develop the NASTRAN inlet model Due to the particular
modeling and analysis capabilities of each tool, some variations between the models existed.
These variations and the particular assumptions made for each analysis are described below.

IPSSO Inlet Model

The IPSSO program, described in reference 1, was developed at the NASA Langley Research
Center to size an internally pressurized shell for minimum weight. In order to use IPSSO to
analyze an axisymmetric inlet based on the MCTCB inlet model, certain assumptions had to
be made. One assumption was that the inlet was constructed from honeycomb panels
stiffened with rings and longerons of I-beam cross-section. While similar to the MCTCB
design, the limitations of the IPSSO code prevented specifying the location of these members
to accurately reflect the MCTCB design. Thus, the IPSSO inlet design may be considered to
be more "generic" compared with the more specific "point design” of the MCTCB inlet. In
addition, due to the limitations of the IPSSO code, the inlet cowl and centerbody were
modeled and analyzed as separate components. No interactions between the inlet and
centerbody with respect to transferring loads or affecting airflow were taken into account.

. The support tube and struts were not modeled, again due to the geometric modeling
limitations of the IPSSO code. Weight for the external cowl skin, which is subjected to the
external aerodynamic load on the inlet, was estimated based on the average internal skin unit
weight calculated by IPSSO. At the Mach 2.4 design condition assumed for this inlet, the
external aerodynamic load is small compared with the inlet internal pressures; therefore the
unit weight for the inlet internal skin should be sufficient to carry the external pressure load.

One important aspect of the IPSSO design was that both major structural components (the
cowl and centerbody) of the inlet were modeled as if containing an internal pressure. This
assumption was accurate for the cowl, but resulted in a reverse loading condition for the
centerbody. It was assumed that the resulting external ring structure would be adequate to
support the centerbody panels internally when subjected to an external load. This assumption
was discussed with and approved by the developers of the IPSSO code (ref. 4). During the
analysis, however, it was realized that this was not a valid assumption. The centerbody
design resulting from this analysis is most likely optimistic. This is a result from the
different primary stresses that result from each type of loading. The primary stresses in an
internally pressurized shell will be tensile; failure of the shell will result when the hoop stress
or longitudinal stress exceeds the yield stress of the material. The primary stresses in same
shell subjected to external pressure will be compressive. Depending on the shell geometry,
these stresses could cause the shell to fail by buckling. If this type of failure occurs, the
failure stress may be lower than the yield stress of the material (ref. 5). Therefore, an
externally pressurized shell would require more material to withstand the same pressure load
applied internally to a shell of the same overall dimensions.

The axisymmetric cowl and centerbody as modeled in IPSSO are shown in Figures 2a and
2b, respectively. The cowl was modeled as a cylinder made up of honeycomb panels
stiffened with rings and longerons. The radius of the cowl cylinder was varied along the
length of the inlet to model the MCTCB geometry. The centerbody was modeled as a cone



and cylinder, also with varying radius as appropriate. Six longerons were placed
symmetrically around the perimeter of the cowl along its entire length. Ring spacing for both
the cowl and centerbody was determined from a parametric analysis performed with IPSSO
on axisymmetric inlets of varying capture areas. From the results, shown in Figure 5, it can
be seen that, for a 30 in panel width (dictated by the MCTCB design and inlet circumference)
the optimum ring spacing is approximately 8 in (heavy dashed curve). A 12in spacing (i.e.,
12 in panel length) does not lead to a significant (approximately 10 percent) increase in the
assembly weight and may be more realistic given the overall size of the inlet. Therefore,
rings were placed at 12 inch intervals along the lengths of both the cowl and centerbody
where possible. Variations in the ring spacing resulted from separate part definitions due to
varying pressures and temperatures (for a more detailed description of how component
geometry is defined in IPSSO, see ref. 1).

Temperatures representative of the maximum total values that would be encountered
throughout the flight path were determined at the NASA Lewis Research Center and input to
the IPSSO analysis. These temperatures are shown in Figure 2. Material properties,
however, were entered for only one temperature condition (500 degrees Fahrenheit), so
temperature effects are not accounted for in the IPSSO analysis. The temperature chosen was
approximately equal to the maximum total temperature (497 F) predicted for the inlet. While
it is acknowledged that the thermal stresses caused by the temperature distribution in the inlet
could impact the inlet weight, an investigation of this impact was beyond the scope of this
study. The material properties used in the IPSSO analysis for Ti-6Al-4V appear in Appendix
1. This material was used to model both the panel skins and the honeycomb core material.

Internal pressures were chosen to represent the maximum static pressure each component
would be exposed to under normal operating conditions throughout the flight path (see Figure
2). Different flight conditions, therefore, are represented in one load case. Although this
does not represent an actual loading condition, it is one method of designing a structure; each
part of the structure is thus designed to withstand the maximum load it will be subjected to
throughout the entire flight path. Note that the internal pressure applied to the centerbody
was equal to the actual external maximum pressure.

The IPSSO assembly weight prediction includes a close-out/joint factor of 1.3 for
honeycomb and single sheet panels, which accounts for fasteners, panel close-outs, overlaps,
doublers, etc., in the finished panel design. This factor is multiplied by the unit weight of the
bare panel skins. A non-optimum factor of 1.4, which accounts for minimum gauge
thicknesses, growth margins, hatches, reinforcements, efc., is multiplied by the final ring,
panel, and longeron weights. These values were chosen based on similar studies performed
at NASA Langley Research Center with the IPSSO code. A factor of safety of 1.5 for the
cowl and 2.0 for the centerbody multiplies each load within IPSSO. No stress concentration
factors were applied.

NASTRAN Inlet Model

The design results from the IPSSO analysis were used as input to the NASTRAN inlet

model. One significant difference between the IPSSO and NASTRAN analyses was the
ability to model the entire inlet structure as one component in NASTRAN. This included not
only the cow! and centerbody, but the support tube and the support struts as well. The

support tube was modeled only from the centerbody connection to the aft end of the inlet.

The support struts were modeled as flat plates rather than airfoils. This allowed the inclusion
of centerbody/support/cowl interactions without complicating the model unnecessarily. The -
thickness of the strut plates was chosen to maintain an estimated stiffness of the actual airfoil
struts. Details of this calculation appear in Appendix 2. No cowl external skin was modeled




in the NASTRAN analysis. The weight for the external skin was added to the inlei structural
weight after the finite element analysis, as was done during the IPSSO analysis.

The NASTRAN inlet geometry is shown in Figure 3a (note that the rings and longerons do
not show up in the shaded image due to their small width). The honeycomb panels in the
cowl and support tube and the single sheet panels in the centerbody and support struts were
modeled using plate (QUAD) elements. The rings and longerons were modeled using
BEAM elements. The total number of elements used to model the inlet was 2308 (QUAD
and BEAM elements). Figure 3b shows the inlet model elements (the cowl is shown
separately for visual clarity only). Honeycomb and I-beam properties were modeled on the
NASTRAN property cards by calculating the appropriate moments of inertia and reference
points (see Appendix 3 for more details). All face sheet thicknesses, cap thicknesses, core
depths, etc., for the honeycomb and I-beam components were average values taken directly
from the IPSSO analysis results.

The materials modeled were similar to those used in the MCTCB model: Ti-6Al-4V for panel
skins and beams and Ti-3Al-2.5V (approximate data based on reference 5 assuming a core
foil thickness of .0015 in, 3/16 in cell wall, and a 5 Ib/ft3 core density) for honeycomb core.
Material properties for the Ti-6Al-4V were chosen at an operating temperature of 500
degrees Fahrenheit, as in IPSSO. The material density was input as zero for the support tube
and support struts to obtain a weight calculation that included only the material in the cowl
and centerbody. The material properties modeled in NASTRAN appear in Appendix 1.

‘The pressure distributions applied to the cowl and centerbody were the same as those applied
to the IPSSO model. (Pressures were applied to the external surface of the centerbody, as
appropriate.) Boundary conditions for the NASTRAN inlet modeled the symmetry of the
structure about the vertical axis along the length of the inlet (see Fig. 1b). In addition,
displacement constraints were placed on the cowl at approximate positions of the forward
and aft mounts to the wing box. The aft cross section of the inlet was further constrained in
the longitudinal direction to model a bolted connection to the engine.

The structural weights calculated within NASTRAN were multiplied by non-optimum factors
identical to those applied in IPSSO. No consideration for joint-closeout factors was made.
This was due to the fact that the inlet weight produced by NASTRAN was not divided into
structural components (i.e., rings, panels, etc.), but was given as one total weight result. The
application of a joint close-out factor to only panel weights was, therefore, not possible. In
addition, the loads applied to the NASTRAN model were not increased by a factor of safety
as in the IPSSO analysis. Since the NASTRAN geometry and dimensions were input
directly from IPSSO, it was not expected that the exclusion of factors of safety would affect
the weight of the structure. However, the lower pressures would be expected to produce
lower stresses and, therefore, smaller deflections than those predicted by IPSSO.

ANALYSIS RESULTS
A comparison of the weight results of the IPSSO inlet analysis with the Boeing analysis
results for the MCTCB axisymmetric inlet is given below. A comparison of the stresses

calculated in IPSSO with those calculated in NASTRAN is also discussed. Finally, a
discussion of the deflections calculated in all three analyses is given.

Weight Comparison



A comparison of the structural weights calculated from the IPSSO inlet model and the
MCTCB inlet is shown in Table 1. The weight calculated by NASTRAN is also given. An
external cow! skin weight of 198.64 1b, found by multiplying the average unit skin weight for
the internal cowl skin (as designed in IPSSO) by the estimated cowl surface area, was added
1o both the IPSSO cowl weight and the NASTRAN structural weight, as described above.
The weight of the support tube and support struts was estimated from the MCTCB weight
breakdown as 600 1b and added to the IPSSO structural weight.

The structural weight of the MCTCB inlet (cowl, centerbody, and support structure) was
calculated by Boeing to be 1620 Ib. Comparing this weight to the structural weight of the
IPSSO inlet model, 1103.30 Ib, shows a decrease by 32 percent . Since the weight of the
support structure for the IPSSO model is equal to that of the MCTCB, the weight difference
between the inlets appears in the cowl and centerbody structures. As can be seen in Table 1,
the IPSSO cowl and centerbody weight is approximately 51 percent less than that for the
MCTCB. One reason for these large differences is that the loading condition applied to the
IPSSO model was not as severe as the hammershock loading used to design the MCTCB
inlet. In addition, the differences in the structural designs of the MCTCB inlet and the
IPSSO model with respect to ring location, cross-section of longerons, etc., would contribute
1o a different structural weight estimate. '

The inlet weight calculated by NASTRAN, 1280.41 Ib, is approximately 16 percent heavier
than the IPSSO prediction. A comparison of the cowl and centerbody weights only
(excluding the cowl external skin) for the IPSSO and NASTRAN analyses, 304.66 1b versus
202.96 1b respectively, shows a 33 percent lighter weight calculated in NASTRAN for these
structural components. NASTRAN calculates the structural weight from the material
properties and the structural dimensions, both of which are input to the analysis and, for this
study, both of which were input directly from the design results of the IPSSO analysis. It
was expected, therefore, that the weights of the inlet centerbody and cow! would be similar
between the two analysis models. The discrepancy in the calculated weights are in part due
to the use of averaged dimension values from the IPSSO inlet design in the NASTRAN
model. A second cause for the difference may have been the addition of Ti-3Al-2.5V
properties for the honeycomb core material in the NASTRAN analysis, whereas the IPSSO
analysis contained only Ti-6Al-4V properties. Slight modeling differences may have also
contributed to the different weight estimations. For example, a portion of the support tube
(Part 11 in Figure 2b) was included in the centerbody model analyzed in IPSSO. Slight
geometry differences in the NASTRAN model eliminated this part of the support tube. In
addition, the centerbody ring located at the position where the centerbody attaches to the
support tube (Ring 15 in Figure 2b) was omitted in the NASTRAN analysis due to its
interference with the support tube structure. -

Stress Comparison

The maximum tensile stresses calculated in the IPSSO and NASTRAN analyses were
compared. For both methods, the maximum tensile stress values were well below the yield
stress of the materials used. Only ring stresses were compared; the determination of the
stress values of the panels in the NASTRAN model for comparison would have been .
complex given the number of elements used to model the panels.

Maximum stresses on the cowl rings as calculated in IPSSO and extreme (minimum and
maximum) stresses calculated in NASTRAN are plotted in Figure 6a. The first significant
feature is that, while the NASTRAN results indicate both compressive and tensile stresses,
the IPSSO results indicate only tensile stresses. Therefore, only a comparison of the tensile
stresses can be made. The second thing to notice is the different trends indicated in the




results. The maximum tensile stresses calculated in NASTRAN decrease fairly steadily
along the length of the cowl, except for the initial ring located on the cowl lip. The
maximum stresses calculated in IPSSO, however, are fairly constant in the forward cowl and
increase erratically in the aft portion of the cowl. The percentage by which the NASTRAN
results differ from the IPSSO results is indicated in Figure 6b. (A negative percent indicates
a NASTRAN stress prediction lower than the corresponding IPSSO stress.) The stresses in
the forward cowl, excluding the first two rings, differ by only -2 to 12 percent. The largest
difference occurs in the final ring, where the NASTRAN stress calculation is 60 percent
lower than that of the IPSSO analysis. The different boundary conditions modeled in each
analysis contributed to this large difference.

The maximum stresses on the centerbody rings as calculated in IPSSO and extreme stresses
calculated in NASTRAN are plotted in Figures 7a and 7b, respectively. The centerbody as
modeled in IPSSO is shown to be subjected to only tensile stresses; when modeled in an
actual loading condition (external load versus internal load) in NASTRAN, the centerbody is
shown to be subjected mainly to high compressive stresses. No meaningful comparison of
these results can be made. This emphasizes the limitations of the IPSSO program in the
design of an extemally pressurized structure such as an axisymmetric inlet centerbody.

The stresses on the MCTCB inlet were not available for comparison with the IPSSO and
NASTRAN results.

Displacement Results

For an axisymmetric inlet with a centerbody, the deflection of the structure can have a direct
impact on the inlet performance. In some cases, the deflection requirements placed on the
inlet can therefore impact its structural design and weight. Both the Boeing analysis and the
IPSSO program place deflection limits on the structure during design. NASTRAN, however,
calculates the deflections resulting from the specified loading and boundary conditions on the
structure. :

The deflection limits placed on the MCTCB inlet in the Boeing analysis are surnmarized as
follows: the internal duct was designed not to exceed localized deflections measuring a depth
of .5 percent of the cowl lip (approximately .15 in) in the supersonic region and 1.0 percent
of the cowl lip (approximately .3 in) in the subsonic region (ref. 3). The deflection of the
centerbody centerline relative to the cowl centerline was limited to plus or minus 1 degree at
the throat (ref. 3).

The IPSSO program automatically sizes the panels and rings to a deflection limit of .5
percent of panel width and the longerons to a deflection limit of .1 percent of span unless a
deflection limit is specified (ref. 1). For the cowl, this translated to a maximum panel
deflection of .1 in. (The deflections of the rings are not output when no limit is specified by
the user.) The maximum deflection of the cowl longerons was .0132 in. Since the
centerbody was not designed with longerons, no deflection data is output for either the panels

or longerons.

The deformed NASTRAN inlet model is shown in Figure § (note that the deflections are
grossly exaggerated in the figure). The maximum calculated displacement for the
NASTRAN inlet was .844 inches in the axis of symmetry. This value exceeds the deflection
limit the inlet was designed for in IPSSO. This difference is a result of different boundary
modeling, constraints, loading conditions, and the ability to model the inlet as one
component, instead of two separate structures (cowl and centerbody) within NASTRAN. It
should be noted that these results do not reflect the previous assumption based on the absence



of factors of safety in the NASTRAN model. This may also be a result of the different
modeling constraints found in each analysis tool.

DISCUSSION

The IPSSO program as a structural design and weight analysis tool is evaluated below. A
comparison of the IPSSO program with NASTRAN is also made with respect to flexibility,
modeling issues, and the time required to perform each analysis. Although NASTRAN is not
a design tool, the comparison allows further exploration of the structural design and weight
analysis issues for an inlet. Finally, recommendations for the use of the analysis methods
explored in this study are discussed.

The IPSSO program was chosen for evaluation in part due to its design and weight analysis
capabilities. As discussed above, IPSSO was developed to solve one particular problem, that
being the minimum weight design of an internally pressurized duct. Any deviation from this
problem, for example, modeling a structure that carries an external load as opposed to one
with an internal load, will produce results that are suspect. In addition, while IPSSO can
model shell-type structures with complex cross-sections, it cannot model structures that are a
concentric combination of shell-type structures, such as a cowl and centerbody. In the case
of the axisymmetric inlet, the inability of IPSSO to model the cow] and centerbody together
introduced error into the results by not allowing the interactions of these two major structures
to be included. These limitations restrict the usefulness of the IPSSO program for inlet
concept evaluations that include axisymmetric designs. ' C

IPSSO is also more constrained than a finite element analysis with respect to the type of
structural components it can model. Built into the IPSSO code is the assumption that the
structure is constructed from honeycomb panels stiffened with rings and longerons of I-beam
cross-section. The only variation that can be made in this design is the deletion of the frame,
leaving a structure of single sheet panels. The generality of the finite element model,
however, enables the modeling of any structural component that can be described using the
available elements. The drawback of this flexibility is that it requires the engineer to have
more precise information regarding the structural design then is generally available at the
preliminary design stage. Assumptions regarding the design, therefore, are made. Each
assumption, however, decreases the accuracy of the analysis results. An example of this was
the assumption that the support struts, originally designed as airfoils, could be modeled as
flat plates with equivalent stiffness. The calculation to determine the thickness of the flat
plates was approximate, and yielded plates with a very high stiffness. This can be seen in
Figure 8, where the cowl and centerbody deformations are very small near the location of the
support struts. A slight "downward" shift of the inlet in the direction where the struts are in a
greater concentration (similar to a cantilevered beam) may also be a result of the high strut
stiffness. The high stiffness of this region prevented deformation; more deformation
occurred in the region of lower stiffness, resulting in the downward shift of the inlet.
Different deformation results may have been obtained had the actual airfoil shape been
modeled for the support struts.

The benefit of IPSSO over a program such as NASTRAN, however, is that it designs and
optimizes the structure for minimum weight. Any weight optimization and redesign with the
finite element model would need to be performed manually. One further advantage of IPSSO
over a finite element analysis is the amount of time required to create a model and obtain
results. The model definition in IPSSO is much simpler than that required for a finite
element analysis. An IPSSO model requires on the order of days to weeks to create, as
opposed to a finite element model, which can require on the order of ‘months for completion.
Run-times for the analyses vary according to the computing power available. For this study,
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actual turnaround time for the IPSSO program on a Silicon Graphics Indigo R4000
workstation was less than one minute; turnaround time for the NASTRAN analysis was
anywhere from 5 to 20 minutes on a Cray XMP, depending on the wait in the queue . A
more complex finite element model could require one or more hours to run. In general, the
finite element analysis also requires more than one iteration to generate a working model and
produce reasonable results.

Although IPSSO would not be a useful tool for designing and analyzing many inlet
geometries due to its limited modeling capabilities and lack of buckling analysis, it could be
used for the design and analysis of straight, internally pressurized ducts found in some inlet
designs. The initial structural design for this type of structure could be developed using the
IPSSO program; the IPSSO design could then be used as a basis for developing a finite
element model for NASTRAN analysis.

CONCLUSION

The Intemally Pressurized Structure Synthesis and Optimization program and NASTRAN
finite element analysis were evaluated for use in inlet concept evaluation. IPSSO, developed
to size an internally pressurized duct for minimum weight, includes both design and analysis
_ capabilities. Discussion has shown that the IPSSO program is useful only for the specific
type of structural design problem for which it was developed. Use of the code for any
problem other than that for which it was developed, for example, the design of an externally
pressurized structure, produces results that may contain some eroneous data. This lack of
flexibility precludes the benefits of IPSSO, which are its ease of use, quickness, and
optimization capabilities, for many of the high speed inlet concepts. NASTRAN analysis,
while providing the flexibility needed to analyze various inlet designs, requires more design
detail than is generally available for conceptual studies. The assumptions that must be made
to make up for the lack of information reduce the accuracy of the analysis. In addition, the
time required to set up a good finite element model may be prohibitive when performing
parametric trade studies.

A method is needed that contains enough design and analysis flexibility that any inlet model
can be accurately analyzed in the preliminary design phase. Such a method would be
analytically based, like the IPSSO program, and flexible, like the finite element method.
Development of a method is proceeding at the NASA Lewis Research Center. Until this
method is available, however, both of the evaluated methods could be used where
appropriate. Specifically, the IPSSO program could be used to perform parametric trade
studies on a simple two-dimensional or other symmetrical cross-section shell-type inlet.
Finite element analysis could be used for more complex inlet designs where time permits and
some amount of design data is available.
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Ti-6Al-4V:

Ti-3A1-2.5V:

APPENDIX 1. Material Properties
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Tl

p

107.2 Ksi

94.5 Ksi
84.5 Ksi

14,720 Ksi
13,600 Ksi

15,088 Ksi
31

.160 1b/in3

26.0 Ksi
31

.162 Ib/in3
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APPENDIX 2. Support Strut Plate Calculations

The actual support strut geometry appears in Figure A2a. Each strut is a swept airfoil with
the middle a constant thickness. The struts are hollow with a panel gage thickness of .25 in
(ref. 3). Strut parameters are as follows:

Ly strut chord at the center tube
Ly strut chord at the cowl

strut height
t strut skin thickness
d; maximum external airfoil depth
da minimum internal airfoil depth

From Shanley (ref. 7), the moment of inertia of the cross-section of a solid airfoil section is
given by: '

4
I=—HC
105

where H is the maximum wing depth and C is the wing chord. Applying superposition, for a
hollow airfoil:

I=£5—[de—d,’(L-—2t)]

where L is the minimum strut chord for the minimum moment of inertia. (This yields a
reasonable estimate for the flat plate thickness of equivalent stiffness.) For the airfoil
depicted in Figure A2a,

d,=d -2t
Therefore,

1= 4L - (6 -2:(r, - 1)

For actual strut parameter values (estimated from Boeing MCTCB model — note that all six
struts were assumed to be of the same dimensions whereas in the actual MCTCB design, the

"top" strut is slightly larger than the other five struts) of

L1 = 27.078in
I, = 37.064in
h = 1649in
t = _251n (gage)
di = 40513m
d = 3.5513in
I = 2324in?

the moment of inertia of a flat plate (about the edge) is given by:

12

;
E




I,==TC
12

Substituting I=Ip and C=L1,
T = 22in
The thickness of a flat plate with the same chord lengths and height as the strut airfoil and an

equivalent moment of inertia (therefore, an equivalent stiffness) is 2.2 in. Figure A2b depicts
the approximate flat plate strut geometry as modeled in NASTRAN.

13



APPENDIX 3. NASTRAN Property Cards for Honeycomb and I-Beam Elements

General Modeling Methods

Honeycomb

Honeycomb panels arc modeled in NASTRAN as plate elements with equivalent stiffness to
the honeycomb. The face sheets are assumed to carry the membrane loads; transverse shear
loads are carried by the core material. Itis assumed that the bending loads are carried by a
single sheet with a thickness equal to twice the face sheet thickness. The bending stiffness of
the panel is then modified by a bending stiffness parameter to account for the depth of the
core material. Similarly, the shear thickness of the panel is increased by an input parameter
as described below.

The property card for plate elements (PSHELL) in NASTRAN includes the following
information (ref. 2):

MID1 Material identification number for the membrane

T Default value for the membrane thickness

MID2 Material identification number for bending

Uy Bending stiffness parameter

MID3 Material identification number for transverse shear

TJT Transverse shear thickness divided by membrane thickness
VAW ) Fiber distances for stress computation

The geometric parameters for the honeycomb panel are shown in Figure A3 and are defined
as:

Ts Face sheet thickness
Tc Core depth

When modeling a honeycomb panel, the plate thickness (T) is set equal to twice the face
sheet thickness (T=2T). The bending stiffness parameter is found by comparing the bending
stiffness of the plate modeled without the core depth with that of the actual honeycomb plate.
The bending stiffness (moment of inertia) of the modeled plate is given by:

=L1p
12

The bending stiffness of the actual honeycomb panel is given by:

1=2n[
2

The bending stiffness parameter is then found from
I

I

The trans_Versé shear thickness of the panel is increased by the amount

14



T,

-5

T

Finally, the fiber distance for stress data recovery is input as the neutral surface of the
honeycomb panel,

2,=2,=3T.+T,

The material identification number for the face sheet material is input for both MID1 and
MID2. The material identification number for the core material is input for MID3.

I-Beam

The rings and longerons of I-beam cross-section are modeled in NASTRAN as beam
elements. The characteristics of the I-beam cross-section are input through the definition of
the moments of inertia.

The property card for beam elements (PBEAM) in NASTRAN includes the following
information (ref. 2):

MID Material identification number

A(A) Area of beam cross section at end A

I1(A) Area moment of inertia at end A for bending in plane 1 about the
neutral axis (Izz in the element coordinate system)

2(A) Area moment of inertia at end A for bending in plane 2 about the
neutral axis (Iyy in the element coordinate system)

I12(A)  Area product of inertia at end A (Izy in the element coordinate
system)

J(A) Torsional stiffness parameter at end A (Ixx in the element
coordinate system)

The geometric parameters for the I-beam are shown in Figure A3 and are defined
as:
Tcapl Thickness of inside (bottom) cap
Tcap2 Thickness of outside (top) cap
Wcap Cap width
Tweb Web thickness
Depth Bfeam depth measured from the centerline of cap 1 to the centerline
of cap 2
C Beam centroid

The moments of inertia for a rectangular cross-section is:
1
I =—bh’
z.12

1
I ==bh
” 12

15



I_=0

£o4
1
I, = E(b% +bh®)

where b is the width and h is the height of the cross-section.
The Parallel Axis Theorem states that
I=I+Ad’
where I' is the moment of inertia of the section about its own centroid, A is the section area,
and d is the distance of the section's centroid to the centroid about which the inertia is being

calculated. The moments of inertia for the I-beam cross-section are calculated using these
definitions.

Axisymmetric Inlet Property Data

Specific data for the cowl, centerbody, centerbody tube, and support struts appears below.
All dimensions are average values taken directly from the results of the IPSSO analysis.

Cowl

Honeycomb Panels
Ts = .01 in
Te = .3363in
MID1 = Ti-6Al4V
T = 02in
MID2 = Ti-6Al-4V
p = 900
MID3 = Ti-3A1-2.5V
TdT = 16815
Z1Z = .17815in

Ring I-beams
Tcapl = 02in
Tcap2 = .02in
Weap = 10in
Tweb = .02in
Depth = 20in
MID = Ti-6Al-4V
II(A) = .000411in4
2(A) = .003333in4
I12A) = 0. =

16



J(A)

Longeron I-beams

Centerbody

Tcapl
Tcap2

Wceap
Tweb
Depth

MID
A(A)
I1(A)
2(A)

I12(A)

J(A)

Panels (single sheet)

Ring I-beams

Centerbody Tube

MID1
T
MID2

Uln

Tcapl
Tcap2

Weap
Tweb
Depth

MID
A(A)
I1(A)
2(A)
I12(A)
J(A)

Honeycomb Panels

Ts
Tc

MID1
T
MID2

VI

003745 in#

1524 in
1524 in
1.0in
02in
1.82311in

Ti-6Al-4V
3382 in2
2616 in*
025401 in4
0.

28703 in?

Ti-6A1-4V
Olin
Ti-6A1-4V
1.0

02in
02in
JS5in
02in
J5in

Ti-6Al-4V
0446 in2
004868 in4

001407 in4
0

006275 in4

02in
20in

Ti-6Al-4V
.04 in
Ti-6Al-4V
90.75
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MID3
21,72

Support Struts
Panels (single sheet)

MID1
T
MID2
Ulm

o

Ti-3A1-2.5V
5.0
J12in

Ti-6Al-4V
2.2in
Ti-6Al-4V
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APPENDIX 4. List of Symbols

area of beam cross-section

width of a rectangular cross-section

wing chord; beam centroid

distance of section centroid from inertia axis

maximum external airfoil depth

minimum internal airfoil depth

beam depth measured from the centerline of the inside cap (cap 1) to the
centerline of the outside cap (cap 2) '

elastic tensile modulus

compressive modulus

tensile yield strength

ultimate tensile strength

shear modulus

strut height; height of a rectangular cross-section

maximum wing depth (thickness)

moment of inertia

area moment of inertia with respect to the centroid axis

area moment of inertia at end A of a beam for bending in plane 1 about the
neutral axis (I in the element coordinate system)

area moment of inertia at end A of a beam for bending in plane 2 about the
neutral axis (Iyy in the element coordinate system)

area product of inertia at end A of a beam (Izy in the element coordinate
system)

bending stiffness of a modeled plate

moment of inertia of a flat plate

torsional stiffness parameter at end A of a beam (Ixx in the element coordinate

system)

minimum strut chord for minimum moment of inertia
strut chord length at the center tube

strut chord length at the cowl

matenial identification number

matenal identification number for the membrane
material identification number for bending
material identification number for transverse shear
strut skin thickness

membrane thickness

core depth

face sheet thickness

thickness of inside (bottom) cap of I-beam
thickness of outside (top) cap of I-beam

web thickness

cap width

fiber distances for stress computation

density
Poisson's ratio
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Table #

Figure #

APPENDIX 5. List of Tables and Figures

Description
Inlet Weight Comparison

Description

Mixed-Compression Translating Centerbody Inlet
Mixed-Compression Translating Centerbody Inlet— Aft Cross-Section

IPSSO Model of the Inlet Cowl
IPSSO Model of the Inlet Centerbody

NASTRAN Inlet Geometry
NASTRAN Inlet Finite Element Model

Structural Components

IPSSO Inlet Cowl Weight for Various Panel Lengths and Widths
IPSSO Inlet Centerbody Weight for Various Panel Lengths and Widths

Cowl Ring Stresses
Difference Between NASTRAN Max. Tensile Stress and IPSSO Max.
Stress for Inlet Cowl

Max. IPSSO Ring Stresses for Inlet Centerbody
Max. and Min. NASTRAN Ring Stresses for Inlet Centerbody

Deformed Inlet from NASTRAN

Actual Support Strut Geometry
Flat Plate Strut Geometry

Honeycomb Panel and I-Beam Cross-Section

20



uosupdwo)) 181\ 19puy *1 3190,

*UPIS [BWIANXD JOJ Qf $O°86] SOPRIOUY APOGIANUD PUR [MOD) yk
UPIS [BUIDIX3 JOJ QI p9'B6T SIPNOU]  xx

P«
0070291 00009 0007z 00008 +HOLONW
170821 tL’69S wxx09°10¥ PBU] NVILSVN
0E'€011 007009 SE'IS *+S6° 1Sy WIU] OSSdI
among ammonng
eI0], noddng Apoqiaua) M0D

@D w3em

21







u011925-55040) Yy
-- 12qu] KPOQUaIUFY) SUNDISUDL UOISSUAUOD-PIXIW "q 94n81

ApoqIqua)

snng
woddng

Mo)

_—

Su0Xaguo]

o
!
AnowwLg Jo Sixy —



p=147  p=1642 p=1642 p=1642 p=1991 p=19.91

T=447  T=374 T=376 T=377  T=377 T=377
; ; oL
Parts [ =377 | I I
l'<—-—>} : ; : N B
| | l
— | | | |
: 7
x=0 Rings

Figure 2a. IPSSO Model of the Inlet Cowl
(p=psi, T=degrees F)

p=14.7 p=1554 p=1642 p=1642 p=1642 p=1945 p=199}
T=497 T=437 =374 T=376 T=377 T=377 =377
N L S
| } | | | [ ll | |
| | | | _Parts | I I
I ]
| | ' |

l I
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! I
| I

| 7( \\
x=0 Rings Ring 15

Figure 2b. IPSSO Model of the Inlet Centerbody
(p=psi, T=degrees F)
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Figure 3a. NASTRAN Inlet Geometry
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Width (in)
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o~ 6.0
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~ 15.0
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Stress
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Figure 5a. IPSSO Inlet Cowl Weight for Various Panel
Lengths and Widths (diameter=58.4 in)
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F igure 5b. IPSSO fhlét'Centerbody Weight for Various Panel
Lengths and Widths (diameter=58.4 in)
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IPSSO

E
- NASTRAN
g (max.)
7
NASTRAN
(min.)
i
I
200
X Location (in)
Figure 6a. Cowl Ring Stresses
30T
10T A
/ <%
S 1
=
[3] -~
g
& 30+
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50 75 100 125 150 175 200
X Location (in)

Figure 6b. Difference Between NASTRAN Max. Tensile
Stress and IPSSO Max. Stress for Inlet Cowl
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Stress (psi)
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45 90 135 180
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Figure 7a. Max. IPSSO Ring Stresses
Jor Inlet Centerbody
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Figure 7b. Max. and Min. NASTRAN Ring
Stresses for Inlet Centerbody
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Side View
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Side View

Cross-sectional View

Figure A2a. Actual Supporr Strut Geomerry

< P

Figure A2b. Flat Plate Strut Geomerry
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